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Abstract
Electrostatic charging of the mirrors and suspensions in interferometric
gravitational wave detectors may compromise aspects of both the sensitivity
and control of current and planned instruments. The use of conductive coatings
of tin (II) oxide as a possible charge mitigation technique is investigated here,
where we report measurements of the optical loss and mechanical loss for the
first time at frequencies of interest for gravitational wave detection.
PACS numbers: 05.40.Jc, 68.60.Bs, 04.80.Nn, 95.55.Ym
(Some figures may appear in colour only in the online journal)
1. Introduction
Several long baseline gravitational wave detectors are operating each using laser interferometry
to try to sense the differential strain, caused by the passage of a gravitational wave, between
mirrors suspended as pendulums. The LIGO [1], GEO600 [2], VIRGO [3] and TAMA [4]
interferometers all use fused silica as a mirror substrate material, due to a combination of
its properties including low mechanical losses and thus low thermal noise in addition to
excellent optical quality and homogeneity. Fused silica is also the material of choice for the
planned upgrades of these instruments with the exception of the Japanese project, LCGT,
where cryogenically cooled sapphire mirrors will be implemented [5, 6]. Looking further
into the future, proposed third generation gravitational wave detectors may operate with
more than one interferometer sub-system, each being optimized for high sensitivity over a
different frequency range. For example, the Einstein Telescope design study within Europe
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currently proposes separated low- and high-frequency systems, where the high-frequency
interferometer configuration will adopt an up-scaled version of the advanced detector silica
mirror suspensions [7]. Despite the excellent mechanical and optical properties, the dielectric
properties of synthetic fused silica can give rise to the possibility of significant electrostatic
charging. Electrostatic charging of the mirrors and suspensions in gravitational wave detectors
can lead to several potential problems.
For example, electrostatic damping of the pendulum suspensions may result from currents
induced in nearby conducting structures [8], which could lead to excess thermal noise, reducing
the expected sensitivity and thus the potential astrophysical reach of future gravitational wave
observatories. Control issues may be encountered due to forces acting between the charged
mirror suspensions and nearby surrounding objects, e.g. electrostatic actuators and earthquake
stops [9, 10]. Such forces can also cause problems with detector calibration [11, 12]. Another
potential charge-related effect is that of charge fluctuation noise, caused by charge hopping or
charge migration across the mirror and suspension surfaces [13].
Several experiments have suggested that potential excess thermal noise may result from
charging [8, 14–16]. A technique for discharging dielectric pendulum suspensions under
vacuum was demonstrated which used UV illumination [8]. The observed charge of a MacorR©
bob suspended by a fused silica suspension was controlled by means of a UV lamp placed
inside the vacuum system. Using a similar UV illumination technique, charge mitigation
was carried out in the GEO600 gravitational wave detector where, after a period of vacuum
work, one of the test masses was found to be positively charged [10]. In this case, a UV
lamp was placed external to the vacuum system, illuminating the test mass through a fused
silica vacuum window in the line-of-site of the charged mirror suspension. Further work
on characterizing the discharge rates using tunable UV illumination has been carried out
by Ugolini et al [17]. Despite the success of adopting UV illumination techniques in these
experiments, it will also be necessary to verify that the wavelength and intensity proposed
does not cause structural/chemical damage to the precision dielectric mirror coatings required
for high-reflectivity (HR), resulting in optical absorption and scatter that would be detrimental
to detector performance [18]. The use of low-energy electron and ion beams for charge
neutralization has also been proposed and demonstrated [19].
Another technique under investigation is the fabrication of conductive surfaces through
the deposition of thin-film conductive oxide coatings. Studies have been carried out on tin
oxide (SnO) coatings of thickness 25 nm → 1.6 μm and suggest that suitably thin coatings
(in the range of ∼ 4–7 nm) could be tolerable from a thermal noise and from an optical point
of view. In principle, portions of the fused silica mirror and suspension assembly of future
gravitational wave detectors could be coated to allow deposited charges to be carried away and
thus provide passive, in situ charge mitigation without the prerequisite of an active feedback
system. If electrical conductivity could not be provided through the suspension elements, e.g.
due to degradation of the silica fibre strength from the deposition of SnO coatings, then other
techniques for periodically discharging the mirrors could be employed, e.g. contact with a
grounded conductive earthquake stop.
2. Experimental technique
2.1. Sample preparation
Samples of two different geometries were prepared to enable studies of the SnO coatings:
flexures to allow measurements of mechanical loss and 25.4 mm × 5 mm witness samples
to allow direct measurements of film thickness and optical absorption. Flexures were
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Figure 1. (a) Schematic of the coated flexures used for mechanical loss studies and (b) the
25.4 mm diameter coated witness samples used for direct measurements of coating thickness,
optical absorption and electrical resistivity.
fabricated by hydrogen–oxygen flame-pulling Heraeus Suprasil 3R© type fused silica slides
down to a thickness of 100μm, width 3 mm and length 50 mm. The flexures were then
welded using a CO2 laser [20] to fused silica clamping blocks of approximate dimensions
10 mm × 10 mm × 1 mm to minimize frictional losses at the clamping point. Coatings were
then applied evenly across the entire length of one side of the flexures, as shown in figure 1.
A set of witness samples of diameter 25.4 mm and thickness 6 mm was placed alongside
these silica flexures during coating runs, as shown in figure 1(a). The witness samples were
polished to a flatness of λ/10, where λ = 633 nm, and a stainless steel strip was attached
across the centre in order to mask the substrate from the deposited coating in a central 7 mm
wide band, allowing direct measurements of coating thickness to be obtained, as shown in
figure 2. These samples were also used for studying the electrical properties in addition to the
optical absorption of thin-film SnO.
2.2. Coating procedure
A technique known as pulse-spray pyrolysis was adopted for the fabrication of all of the
coatings presented [21–23]. Solutions containing 0.1mol l−1 tin (II) chloride (SnCl2) were
produced for each coating run using methanol as the solvent (precursor). The samples prepared
for coating were mounted within a ceramic furnace at 600 ◦C and allowed to reach thermal
equilibrium before small quantities of the tin chloride solution were sprayed into the furnace
using dry nitrogen gas as a propellent. The duration of each spray pulse was measured to be
approximately 1 s, with intervals of 10 s between each pulse to minimize the furnace and the
substrate cooling. Direct measurements of the substrate temperatures were not taken during
the coating procedure and the temperature readout from the furnace, taken from the ceramic
walls, was observed to be stable to within a few degrees. Using this setup, it was noted that
around 10 → 15 ml of the SnCl2 solution in total was required to be sprayed into the furnace
chamber to deposit ∼100 nm of coating.
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Figure 2. Example plot of the height profile across an SnO-coated witness sample for cantilever
number 2 with a masked central strip.
3. Results
Several 1′′ diameter witness samples were coated with varying quantities of SnO and
direct measurements of coating thickness were measured using a Talysurf IntraTM stylus
profiler. Thicknesses were measured in the range of t : 25 nm → 1.6μm for the various
coating runs, where the variation of coating thickness for any particular run was found to
be ∼10%. Resistivities were measured using a four-point probe and lay in the range of
ρ : (3.4 → 9.5) × 10−3  cm. This variation is larger than that observed in the direct
measurements of coating thicknesses and therefore suggests a variation in coating quality.
Variations in coating quality most likely arise from changing parameters during coating, such
as the temperature of the flow gas carrying the SnCl2 vapour towards the substrate surfaces, as
quantified by other authors depositing coatings under similar conditions [24]. Note however
that the lowest values of electrical resistivity quoted are consistent with recommended values
of the resistivity for high-quality SnO coatings [25] and therefore show the ability to produce
high-quality coatings with the technique described. The characteristic decay time for charge
on a large (10 kg) fused silica optic, such as those being used in the Advanced LIGO project
[26], can be calculated to be in the order of 10−2 s or less, thus providing a short and effective
discharge if such coatings were compatible optically and mechanically.
The optical requirements for future gravitational wave detectors will be extremely
stringent. The dominant noise source of planned instruments at high frequencies (above
∼ 500 Hz) arises from the statistical counting of photons at the output of the interferometer,
referred to as shot noise. Improvement in displacement sensitivity is thus achieved through
increasing the level of laser power within the optical cavities of the interferometer. This
effectively increases the signal-to-noise ratio, since shot noise varies as
√
N where N is the
number of photons. The optical absorption from the mirrors and their coatings will effectively
limit the maximum laser power level achievable, either through direct power loss or indirectly
through heat deposition resulting in thermal lensing and ultimately instabilities. For example, in
the plannedAdvanced LIGO interferometers in the United States [26], the optical requirements
are such that the mirror coatings within the Fabry–Perot arm cavities must have absorptions
4
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1 ppm, to permit 830 kW of laser power to stably circulate. In the samples studied here,
optical absorptions down to 60 ppm were measured for 100 nm thick SnO coatings using the
PCI (photothermal common-path interferometry) method [27]. The average absorption across
various positions of a 100 nm SnO coating was observed to be 120 ± 30 ppm. This rules out
the use of SnO coatings above the HR coatings within the Fabry–Perot cavities; however, it
would be feasible to consider the use of SnO coatings underneath the HR coatings, where the
equivalent heat deposition is reduced by a factor of almost 400 since the power external to the
arm cavities is 2.1 kW [28]. Therefore, from an optical viewpoint, the use of such conductive
oxide coatings could be considered for possible enhancements to second generation detectors
if placed underneath theHRmultilayer coatings. The effects of charging on the external surface
of the HR coating may require further investigation.
It is also essential to quantify the level of Brownian thermal noise associatedwith the use of
SnO coatings in future gravitational wave detectors. Again, using advanced LIGO as a baseline,
the thermal noise associated with the HR coatings is expected to be the dominant source of
noise at the most sensitive frequency range of 40 → 400 Hz [29]. The general requirement is
that all additional noise sources are less than 10% of the baseline design; therefore, the thermal
noise associated with the addition of SnO coatings must be at least a factor of 10 below that
of the HR coatings. Off-resonance thermal noise in a linear system is directly proportional to
the level of mechanical dissipation, as described by the fluctuation–dissipation theorem [30].
The mechanical loss of the fused silica flexures were therefore measured both before coating,
φuncoated, and after coating with SnO, φcoated. The mechanical loss of the coating layer can be
extracted using
φcoating 
Esubstrate + Ecoating
Ecoating
× (φcoated − φuncoated), (1)

Esubstrate
Ecoating
(φcoated − φuncoated), (2)
where the energy stored in the case of the pure bending resonances of our flexures can be
approximate as [31, 32]
Ecoating
Esubstrate
= 3
Ycoating
Ysubstrate
h
a
, (3)
where Esubstrate and Ecoating are the energies stored in the substrate and coating, respectively,
during bending, Ysubstrate and Ycoating are Young’s moduli, respectively, a is the thickness of the
substrate and h the thickness of the deposited coating material. The calculated mechanical
loss associated with three SnO coatings, measured across various bending modes of frequency
65 Hz → 4.7 kHz, is presented in figure 3. The mean mechanical loss for all the samples
was found to be φSnO = (2.5 ± 0.2) × 10−3, which is consistent with similar investigations of
SnO2 coatings at higher frequencies (5 → 20 kHz) by Mitrokhin et al [33].
The level of thermal noise for thin-film coatings can be shown to scale with the product
of the mechanical loss and the film thickness, as shown in section 4. Therefore, the coating
thickness may be scaled down appropriately in order to satisfy the maximum allowable level
of thermal noise, assuming that the mechanical loss is a constant with respect to film thickness.
Figure 4 shows the mean measured mechanical loss for each of the samples as a function of
coating thickness. The mean mechanical loss is observed to decrease as the coating thickness
decreases. Microscope images gave evidence that the coatings contained crystal formations,
consistent with other similar investigation [34], and therefore the excess dissipation in the
thicker coatings may result from friction from grain boundaries [35].
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Figure 3. Calculated mechanical loss of SnO-deposited coatings using the pulsed spray pyrolysis
technique at 600 ◦C on fused silica flexure substrates.
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Figure 4. Mean measured mechanical loss as a function of coating thickness, with linear fit
φ(ω) = 1.36 × 104d + 1.18 × 10−3, where d is the coating thickness. Each point represents the
mean mechanical loss measured for several modes of each sample.
4. Thermal noise
4.1. Substrate thermal noise
The most critical optics in the advanced detector topologies when considering thermal noise
are the mirror masses that form the Fabry–Perot arm cavities. These mirrors consist of 40
kg test masses fabricated from high-purity fused silica, such as Heraeus Suprasil 3001R©,
Suprasil 311R© and Corning 7980R©, all of which are known to have very lowmechanical losses.
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The power spectral density of the Brownian thermal noise of such a test mass may be expressed
as [36]
Ssubstratex ( f ) =
4kBT
2π f
1 − σ 2
√
2πYr0
φ(ω)Cftm, (4)
where kB is Boltzmann’s constant, T is the temperature, r0 is the field (laser beam) intensity
radius, f the frequency, φ(ω) the mechanical loss or dissipation, σ is the Poisson ratio, Y is
Young’s modulus andCftm gives the required numerical correction from a half-infinite to finite-
sized test mass [37]. In the case of Suprasil 311R©, the level of mechanical loss can be taken
from a semi-empirical model developed for this brand of silica, which includes dependences
on both surface-to-volume ratio and frequency [38]. The calculated level of Brownian thermal
noise associated with the substrate materials is presented in figure 4.
4.2. Coating thermal noise
An expression for the power spectral density, Sx( f ), of the thermal noise associated with a
lossy coating applied to the front face of a test mass was derived by Nakagawa [39] and can
be expressed as [40]
Scoatingx ( f ) =
kBT
π
2 fY
d
r20
(
Y ′
Y
φ
‖
+
Y
Y ′
φ
⊥
)
, (5)
where d is the total coating thickness, Y and Y ′ are Young’s modulus values for the substrate
(bulk) and coatings, respectively, and φ
‖
and φ
⊥
are the mechanical loss values for the coating
for strains parallel and perpendicular to the coating surface. For simplicity, it can be assumed
here that the mechanical losses associated with strains in different directions are the same,
φ
‖
= φ
⊥
[40]. The loss of the coating was taken to be the mean mechanical loss measured for
all of the modes of the three samples: φ = 2.4 × 10−3. Young’s modulus for SnO was taken
to be Y = 100 GPa [41]. The calculated values of Brownian thermal noise associated with
thin-film SnO coatings are presented in figure 5 and compared to the levels associated with
the substrate material and the HR coatings.
The fabrication of tin oxide layers of thickness in the order of several nm may require a
more controlled deposition method than the pulse-spray pyrolysis technique used here, such
as atomic layer deposition (ALD) [42, 43]. Continuous conductive tin oxide films have been
fabricated by ALD down to thicknesses of 1.6 nm [44]. It should also be noted that if the
mechanical loss scales with thickness, as observed in the three coatings tested here, and as
illustrated in figure 4, then the allowable coating thickness from a thermal noise point-of-view
would instead be 7.4 nm.
5. Conclusions and future work
The reported results indicate that the use of thin-film coatings of tin (II) oxide of thickness
∼4 nm, possibly up to 7.4 nm, have the potential to fulfil the optical and mechanical
requirements for future gravitational wave detectors, when placed under the HR coatings.
Such coatings could provide in situ charge mitigation and effectively ameliorate noise and
control issues associated with electrostatic charging. Future work will be focussed on two
areas. Firstly, to work with coating vendors to investigate how to combine the conductive
coatings alongside the required HR coatings in addition to investigating methods by which the
optical absorption could be further reduced. Secondly, to study the possibility of incorporating
the deposition of conductive oxide coatings as part of the silica fibre fabrication process, using
laser-based pulling systems as will be used in advanced detectors [20]. In addition to this, such
7
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Figure 5.Calculated levels of expected Brownian thermal noise in a single 40 kg fused silica mirror
illuminated by a laser beam of radius r0 = 3.9 cm, with an ion-beam sputtered HR coating formed
from alternating multilayers of SiO2 and Ta2O5 compared to the thermal noise associated with
100 nm and a scaled-down thickness of SnO conductive coating. The level of Brownian thermal
noise for the scaled-down thickness SnO would be valid for 3.8 nm SnO when taking the mean
measured mechanical loss of φSnO = 2.4 × 10−3, whereas this would be 7.4 nm if the mechanical
loss was modelled as φ(ω) = 1.36 × 104d + 1.18 × 10−3, where d is the coating thickness.
coatings can be considered for use in possible third generation instruments, such as for the
high-frequency interferometer components of the Einstein Telescope [7].
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